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NEURONS IN THE ARCUATE NUCLEUS of the hypothalamus (ARC) containing the proopiomelanocortin (POMC) gene are central to the maintenance of energy homeostasis. Pomc mRNA in these neurons encodes a 241-amino acid prohormone that is enzymatically processed into multiple bioactive peptides. Proconvertase 1/3 (PC1/3) cleaves POMC into adrenocorticotropic hormone (ACTH) and ␤-lipotrophin, which are further processed by PC2 and carboxypeptidase E (CPE) into ␣-melanocyte-stimulating hormone (␣-MSH) and ␤-endorphin (46, 66) . In the central nervous system (CNS), ACTH is relatively inactive, but ␣-MSH acts on melanocortin 4 receptor (MC4R) to potently downregulate appetitive behavior and increase energy expenditure, whereas ␤-endorphin, signaling primarily through -opioid receptors, has an acute stimulatory effect on feeding (13, 44 ).
An animal's feeding state can also tune the strength of Pomc expression and its downstream peptide products. Fasting or chronic food restriction decreases Pomc mRNA (31, 37) , which translates into diminished expression of CNS ACTH, ␤-endorphin, and ␣-MSH (23, 50, 62) . By contrast, a surplus of calories from fat or an exogenous injection of the fat-derived adipokine leptin have been reported to increase transcription of Pomc and the synthesis of POMC peptides (25, 34, 45, 50, 62, 70) . However, extended bouts of high-fat diet (HFD) are also reported to diminish the expression of POMC peptides and the conversion of ACTH to ␣-MSH (8, 17, 39, 63) . Likewise, diet-dependent changes in POMC peptide levels are also conferred, at least in part, by tandem regulation of peptide cleavage and peptide-modifying enzymes (8, 25, 46) .
Problematically, there is a lack of consensus regarding POMC peptide levels in POMC neurons under different dietary conditions due to the use of different animal models (species, sex, and age), time points, stimuli, and experimental assays (63) . To address these issues, we established acute (24 -48 h) and chronic (2 wk) diet manipulations utilizing food restriction, HFD, or leptin treatment with 8-to 10-wk-old male C57BL/6 POMC-Discosoma red fluorescent protein (DsRed) transgenic reporter mice and assessed the changes in nutritional state on POMC peptide levels in the hypothalamus. At both time points, food restriction decreased circulating levels of leptin, whereas HFD or leptin treatment enhanced serum leptin levels. Our radioimmunoassay (RIA) measurements of hypothalamic extracts indicate that acute fasting and chronic food restriction generally diminished the levels of all POMC peptides, whereas only an acute exposure to HFD led to increased expression of the POMC-DsRed reporter in ARC cell bodies and increased ␣-MSH immunofluorescence in POMC projections throughout the hypothalamus. The latter results were replicated by acute leptin treatment of either ad libitum-fed or 24-h-fasted mice. Taken together, these findings in a mouse model indicate that hypothalamic POMC peptide expression is consistently downregulated by both acute and chronic caloric deficit in association with decreased leptin levels. However, chronically increased circulating leptin, produced either endogenously by HFD or exogenously by minipump administration, does not induce or maintain the opposite effect of upregulating the synthesis of POMC peptides.
MATERIALS AND METHODS
Animals. All procedures were approved by the University Committee on Use and Care of Animals at the University of Michigan and followed the Public Health Service guidelines for the humane care and use of experimental animals. Eight-to 10-wk-old homozygous POMC-DsRed male mice on a C57BL/6 background were used in all experiments. We selected this strain because C57BL/6 mice are commonly used to study mouse metabolism and are prone to dietinduced obesity (DIO) with HFD (9, 61) , and the POMC-DsRed transgene permits the ready identification of POMC neurons in the hypothalamus (27, 32) . Mice were housed in ventilated cages under controlled temperature and photoperiod (12:12-h light-dark cycle, lights on from 0600 to 1800), with water, corncob bedding, and laboratory chow (12.1% kcal fat, 28.0% kcal protein, and 59.8% kcal carbohydrate) available ad libitum. For each component of this study (histology, RIA, and leptin ELISA), we used 8 -10 animals/diet for each treatment unless stated otherwise.
Diets and treatments. Mice were singly housed at 7.5 wk of age on aspen bedding with a nestlett and provided control chow (3.08 kcal/g; 10.2% kcal fat, 18.3% kcal protein, and 71.5% kcal carbohydrate; 58Y2; TestDiet, St. Louis, MO) for 5 days before dietary manipulation. During the acclimatization period, mice receiving injections were given a total of six mock injections (2/day for 3 days) to minimize the stress of PBS or leptin injections. After this acclimatization period, mice were divided into one of eight experimental groups. In the acute diet manipulation paradigm, control mice received 58Y2 chow plus three intraperitoneal injections of phosphatebuffered saline, pH 7.4 (PBS) 12 h apart; fasted mice were deprived of all food for 24 h; HFD mice were fed 58Y1 chow (5.1 kcal/g; 61.6% kcal fat, 18.1% kcal protein, and 20.3% kcal carbohydrate; TestDiet) for 48 h; and leptin-injected mice on 58Y2 chow received three injections of leptin 12 h apart [5 mg/kg ip in PBS (lot no. AFP1751 from Dr. A. Parlow, The National Hormone and Peptide Program, Torrance, CA)] over 24 h. The third dose was injected 30 min before tissue collection. Mice and chow were weighed daily in the acute diet paradigm. In the chronic diet modification studies, mice were subjected to food restriction, HFD, or an infusion of leptin for 2 wk. Control mice were fed 58Y2 chow and surgically implanted with a sterile PBS-secreting minipump (model 1002; Alzet, Cupertino, CA), mice receiving HFD were fed 58Y1 chow, and leptin-treated mice were fed 58Y2 chow and received 10 g leptin/day via osmotic minipump (model 1002; Alzet). Food-restricted mice in this cohort were weighed daily and fed 50 -60% of their standard daily kilocalories of 58Y2 chow to lower their body weight to ϳ80% of control mice. The animals were fully fasted during the final 24 h of the experiment to maximize weight reduction/caloric restriction. Body weight and chow measurements for this cohort were taken after 24 h, 48 h, 1 wk, and 2 wk. All animal husbandry and injections were performed uniformly at 1100 and 2300, respectively.
Immunohistochemistry and antibodies. Mice were perfused on a pressurized rig (Perfusion One; Leica, Buffalo Grove, IL) with 4% paraformaldehyde in PBS (PFA). Tissues was postfixed overnight in 4% PFA followed by successive gradients of sucrose up to 30% wt/vol in potassium phosphate-buffered saline (KPBS). Brains were sectioned into four sets on a freezing microtome stage (SM 2010R; Leica) at 30 m/section and stored in cryoprotectant solution (25 mM PBS with 30% ethylene glycol and 20% glycerol, pH 7.3) at Ϫ20°C until use. Sections were then incubated in KBPS with 0.1% Triton X-100 (KPBS-T), 2% normal goat or donkey serum and primary antibodies overnight at 4°C. Following three washes in KPBS, the sections were incubated for 2 h at room temperature in KPBS-T with secondary antibodies, washed, and mounted on gelatin-coated glass slides. Sections were cover slipped using VectaShield hard mount (Vector Labs, Burlingame, CA) or polyvinyl alcohol mounting medium with DABCO (Sigma Aldrich). For our histological analyses, we used the following primary antibodies: rabbit-anti-ACTH (1: 5,000; The National Hormone and Peptide Program), rabbit anti-␤-endorphin (1:1,000; a gift from Dr. Sharon Wardlaw, Columbia University, New York, NY), and sheep anti-␣-MSH [1:25,0000; a gift from Dr. Jeffrey Tatro, Tufts New England Medical Center, Boston, MA (16) ]. Primary antibodies were detected using goat anti-rabbit FITC (1:500; JacksonImmuno, West Grove, PA) and donkey antisheep FITC (1:500; JacksonImmuno) secondary antibodies.
Imaging and analysis. Brain sections were imaged using a Nikon 90i upright microscope (Nikon, Tokyo, Japan) equipped with an X-Cite 120Q fluorescent light source (Lumen Dyanmics, Mississauga, Ontario, Canada), a CoolSNAP HQ2 CD camera (Photometrics, Tucson, AZ), and a ϫ10 objective. FITC-labeled sections were imaged using a 488 excitation (ex)/525 emission (em) filter cube and an exposure time of 2 s, whereas POMC-DsRed neurons were imaged using a 525 ex/568 em filter cube with exposure times of 4 s. For image presentation, DsRed-or FITC-immunoreactive signals were adjusted to the same contrast and intensity levels post hoc in Adobe Photoshop CS6 (San Jose, CA). Each CNS nucleus was imaged along its rostral-caudal coordinates based on the mouse brain atlas of Franklin and Paxinos (21): ARC, Ϫ1.22 to Ϫ2.18; paraventricular hypothalamus (PVH), Ϫ0.58 to Ϫ1.06; and paraventricular thalamus (PVT), Ϫ0.94 to Ϫ2.06. Postimage analysis was performed in NISElements AR (Nikon). Each CNS nucleus was manually outlined as a region of interest (ROI), and images were set to the same empirically derived pixel intensity established as a detectable signal to each antiserum in control animals. To selectively quantify POMC-DsRed cell bodies or POMC peptide projections, we set size thresholds of 700 -2,700 m 2 (soma diameter of 15-30 m) or Ͻ300 m 2 (fiber diameter Ͻ10 m), respectively. The mean pixel intensity from an ROI was multiplied by the surface area of that ROI to determine the amount of fluorescent signal (in arbitrary units, AU) per image. Data were normalized to control animals to compare fold changes in fluorescent AUs.
RIA. Hypothalamic tissue blocks were placed in 2 N acetic acid with 5 l/ml protease inhibitor cocktail (P8340; Sigma Aldrich, St. Louis, MO) and were homogenized using an Omni TH Tissue Homogenizer on ice and then boiled for 10 min. An aliquot was used for determination of total protein content by a Bradford assay. Acidextracted peptides were freeze-dried and then resuspended in RIA buffer. Samples were subjected to specific RIA analyses for ACTH, ␤-endorphin, and ␣-MSH as developed in our laboratory previously (8, 50) using both commercially available peptides and primary antibodies developed in the Nillni laboratory. ACTH, ␤-endorphin, and desacetyl-␣-MSH were iodinated with 125 I using the chloramine T oxidation-reduction method followed by HPLC separation, and the purified peptides were used as tracers. The ACTH and ␤-endorphin RIA assays were performed in 0.5 ml of RIA buffer (phosphate buffer, pH 7.4 with 500 mg/l sodium azide and 2.5 g/l BSA) containing anti-ACTH antiserum (1:30,000) or anti-␤-endorphin (1:40,000) and 5,000 counts/min of 125 I-labeled ACTH or 125 I-labeled ␤-endorphin tracer. The sensitivity of the assays was ϳ10 pg/tube, and the intraand interassay variabilities were ϳ5-7% and ϳ10 -11%, respectively. The ␣-MSH RIA assay was performed in 0.5 ml RIA buffer, with primary anti-␣-MSH antiserum (1:20,000), and 5,000 counts/min of 125 I-labeled desacetyl-␣-MSH tracer. The sensitivity of the assay was ϳ11.5 pg/tube, and the intra-and interassay variability was ϳ10 -11%. The ACTH assay detects 100% of CLIP and ACTH forms; however, this assay does not cross-react with any form of ␣-MSH or ␤-endorphin. The ACTH assay cross-reacts with the POMC precur-sor, although the amount of cross-reactivity is unknown. The ␤-endorphin antiserum does not cross-react with either ACTH or ␣-MSH.
Leptin ELISA. We collected 200 l of blood in 10 l EDTA (75 mg/ml) from each mouse used for the hypothalamic RIA analyses and separated the plasma by centrifugation at 2,000 revolutions/min for 20 min at 4°C. Plasma leptin levels were quantified using the Mouse Leptin Quantikine ELISA Kit (R&D Systems, Minneapolis, MN) following the manufacturer's instructions.
Statistics. Results are presented as means Ϯ SE. Data were analyzed using Prism 6 (GraphPad), and statistical significance between experimental conditions was determined using a repeated-measures two-way ANOVA with Dunnett's multiple-comparisons test (animal chow consumption and ⌬body weight) or Student's unpaired t-test (immunohistochemistry, RIA, leptin ELISA). P values Ͻ0.05 were considered significant.
RESULTS

Effects of diet manipulation and leptin treatment on body weight and chow intake.
Neurons in the ARC expressing POMC-derived neuropeptides are direct modulators of energy expenditure and metabolism, but these cells are also subject to dynamic changes by an organism's feeding state (69) . To determine the effects of nutritional state on the expression of POMC peptides in the ARC, we first established six experimental paradigms to modify the caloric intake or body weight of young adult male mice. Data from two separate cohorts of mice, subsequently used for either immunohistochemistry or RIA analyses, were collapsed together because an initial analysis showed no interaction of cohort with any of the measured variables (data not shown). In the acute manipulations (Fig. 1A ), mice were fasted for 24 h, provided HFD for 48 h, or treated with three doses of leptin (5 mg/kg ip) over 24 h. Two-way ANOVA analyses revealed a significant interaction of time course and diet manipulation for both chow intake [F(6,210) ϭ 35.3, P Ͻ 0.0001] and body weight [F(6,210) ϭ 52.8, P Ͻ 0.0001]. The 24-h fast reduced body weight by 1.9 Ϯ 0.1 g (P Ͻ 0.0001). In contrast, mice that were fed HFD for 48 h became hyperphagic and ate an additional average of 4.7 Ϯ 0.4 kcal/day (P Ͻ 0.0001, 24 h; P Ͻ 0.0001, 48 h), resulting in a small but statistically significant increase in body mass (0.5 Ϯ 0.1 g, P Ͻ .05). Leptin acutely reduced both body mass (Ϫ0.8 Ϯ 0.1 g, P Ͻ 0.0001) and chow intake (Ϫ3.5 Ϯ 0.5 kcal, P Ͻ 0.001).
In the chronic manipulations (Fig. 1B ), mice were food restricted (50 -60% of control) for 2 wk, provided HFD for 2 wk, or treated with 10 g/day leptin via osmotic minipump for 2 wk. Two-way ANOVA of these data revealed a significant interaction between time course and diet manipulation for both chow intake [F(12, 286) ϭ 17.3, P Ͻ 0.0001] and body weight [F(12,300) ϭ 52.0, P Ͻ 0.0001]. Similar to results observed after an acute fast, chronic food restriction reduced body weight by Ϫ4.0 Ϯ 0.2 g (P Ͻ 0.0001). Mice on HFD were hyperphagic over the 2-wk time course (eating 5-12 additional kcal/time point), and while control mice gained 8.3% body mass at this age over the 2-wk period, mice eating HFD gained 11.8%. Finally, although mice receiving chronic leptin at 10 g/day via osmotic minipump did not exhibit any measureable changes in food intake at later time points, the hormone treatment mitigated the weight gain exhibited by control mice Fig. 1 . Effects of food restriction, high-fat diet (HFD), and leptin treatment on body weight and chow consumption in 8-to 10-wk-old male mice. A: acute treatments, mice fasted for 24 h (diamonds) lost 7.8% body mass compared with ad libitum-fed controls (circles), whereas mice provided a HFD (triangles) for 48 h exhibited pronounced hyperphagia (ϩ39.9% ⌬kcal consumed) and a small but significant weight gain (ϩ2.4%). Mice treated with ip leptin (squares) for 24 h lost 3.5% body mass and ate 24% fewer kcal in this time period. A 24-h fast reduced plasma leptin levels by 28%, whereas 48 h of HFD and 24 h of ip leptin significantly enhanced circulating leptin to 2-and 8-fold that of control animals, respectively. B: chronic treatments, mice restricted to ϳ54% kcal/day (diamonds) for 2 wk lost 17% body mass, whereas control mice (circles) gained an additional 8.5% body mass. Mice on HFD (triangles) gained 12% body mass due to heightened chow consumption. Mice outfitted with leptin minipumps (10 g/day; squares), on the other hand, did not deviate in their overall kcal consumption but lost 2.8% body mass compared with their starting weight. Calorie restriction of mice for 2 wk decreased leptin by 35%, whereas HFD and low-level leptin infusion doubled circulating leptin levels. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, and ****P Ͻ 0.0001 vs. control. over 2 wk and actually caused a weight loss of Ϫ2.0 Ϯ 0.1 g compared with baseline (P Ͻ 0.0001).
Plasma leptin levels correlate with energy balance in the different treatment groups. We focused our attention on circulating leptin levels in our diet manipulations (Fig. 1) , since this hormone is both regulated by nutritional state and is commonly accepted as a primary effector of POMC neurons (54, 67) . In the acute diet model, fasting reduced leptin levels to 2.1 Ϯ 0.2 ng/ml (P Ͻ 0.05) from 2.9 Ϯ 0.3 ng/ml in control ad libitumfed mice, whereas HFD increased levels to 5.8 Ϯ 0.9 ng/ml (P Ͻ 0.01). Intraperitoneal leptin induced an eightfold increase in circulating leptin levels to 25.8 Ϯ 3.5 ng/ml (P Ͻ 0.0001). Similar results were observed in the chronic treatment paradigms. Food restriction reduced leptin levels by one-third from 4.4 Ϯ 0.4 in PBS minipump-implanted animals to 2.8 Ϯ 0.3 ng/ml (P Ͻ 0.01), whereas 2 wk of HFD or a 10 g/day subcutaneous infusion of leptin doubled circulating leptin levels to 10.4 Ϯ 2.7 (P Ͻ 0.05) and 11.5 Ϯ 2.3 (P Ͻ 0.01) ng/ml, respectively.
Colocalization of POMC-DsRed neurons and POMC-derived peptides in the ARC.
To interrogate POMC gene and peptide expression in discrete CNS nuclei using immunohistochemical methods, we quantified the POMC-DsRed signal in cell soma and ACTH, ␤-endorphin and ␣-MSH immunofluorescence in POMC fibers. The cell bodies of ϳ3,000 POMC neurons span the entire rostrocaudal extent of the ARC (10) . We identified these cell bodies by a DsRed fluorophore expressed under control of Pomc regulatory elements in the transgenic mice (27) (Fig. 2, A, D, and G) . Brain sections were stained for ACTH (Fig. 2B) , ␤-endorphin (Fig. 2E) , or ␣-MSH (Fig. 2H ) using antisera that all robustly label POMC peptide-containing fibers and to a variable extent the neuronal soma. This strategy allowed us to semiquantitatively measure the impact of diet on immunoreactive POMC peptide levels within the ARC and also at distinct distal target regions within the PVH (Fig. 3, A-C ) and the PVT (Fig. 3, D-F) (41) . Dietary effects on POMC-DsRed fluorescence and peptide levels in discrete CNS nuclei. We examined the DsRed fluorescent signal for POMC cell bodies at every 120 m along the rostrocaudal extent of the ARC, but there were no apparent differences in the signal intensity of DsRed in individual neuronal soma at different anatomical levels for each mouse, or differences in topographical distribution of the neurons between mice (data not shown). Thus, we averaged the fluorescent signals from each section to produce a single value per mouse. Acute (24 h) fasting (P Ͻ 0.05) and chronic (2 wk) caloric restriction reduced the POMC-DsRed signal compared with control mice (Fig. 4) . In contrast, HFD increased POMCDsRed signal acutely (P Ͻ 0.05, Fig. 4A ) but had no effect at the 2-wk time point (Fig. 4B ). Leptin induced a significant acute increase in POMC-DsRed fluorescence at 24 h (P Ͻ 0.05) but not after 2 wk of chronic infusion. Together, our data indicate that each of the experimental manipulations significantly altered Pomc-DsRed reporter gene expression acutely, but these effects were dampened or nonexistent after chronic manipulations of diet or leptin administration.
Similar to the analysis of DsRed fluorescence, we initially examined the fluorescent signal for immunoreactive POMC cell fibers at every 120 m along the rostrocaudal extent of the hypothalamus, but there were no differences in topographical distribution of the fibers between mice from the different treatment groups for each of the brain nuclei examined (ARC, PVH, and PVT; data not shown). Therefore, we again averaged the fluorescent signals from each section to produce a single value per mouse for comparisons of diet and leptin treatment effects (Fig. 5) . A 24-h fast reduced the expression of all immunoreactive POMC peptides (P Ͻ 0.05 vs. control) in the ARC, whereas 48 h HFD and 24 h leptin selectively increased levels of ␣-MSH in the ARC (HFD, P Ͻ 0.05; leptin, P Ͻ 0.01), PVH (HFD, P Ͻ 0.05; leptin, P Ͻ 0.0001) and PVT (HFD, P Ͻ 0.05; leptin, P Ͻ 0.01). Representative ␣-MSH immunofluorescent images in the ARC for the different treatments are shown in Fig. 6 . Because ACTH and ␤-endorphin levels remained relatively static after HFD and leptin treatment, these data suggest that HFD and leptin may promote PC1/3, PC2, and CPE to actively process steady-state levels of POMC precursor peptides into more CNS bioactive ␣-MSH. Interestingly, fasting selectively increased, rather than decreased, ␤-endorphin immunoreactive fibers in the PVT (P Ͻ 0.05).
In a separate set of experiments, we further examined the interaction of acute fasting and leptin replacement (Fig. 7) . Exogenous leptin treatment did not produce a more pronounced loss of body weight compared with fasted animals injected with PBS; however, it doubled the POMC-DsRed fluorescent signal in ARC POMC neuronal soma (Fig. 7A) .
Similarly, leptin treatment of fasted mice significantly increased ACTH immunofluorescence in the ARC and ␣-MSH in the ARC and PVH, with trends for increased expression of all POMC peptides in the three target nuclei examined (Fig. 7B) . Thus, our data suggest that the downregulation of Pomc gene and peptide expression induced by fasting is prevented by simultaneous leptin administration. These findings are consistent with previous work from our group studying rats dosed every 6 h with leptin (0.5 mg/kg ip) during a 65-h fast (50) . In that study, leptin treatment partially reversed the fasting-induced decreases in Pomc mRNA and ACTH and ␣-MSH peptides as measured by RT-qPCR and RIA analysis, respectively.
For the most part, mice in the chronic treatment paradigms did not exhibit any significant alterations in immunoreactive POMC peptide expression in fibers within the ARC, PVH, or Fig. 5 . Immunoreactive POMC peptide expression in the ARC, PVH, and PVT in response to acute fasting, HFD, or leptin treatment. A 24-h fast diminished levels of ACTH in the ARC, PVH, and PVT and also decreased ␤-endorphin and ␣-MSH in the ARC. This manipulation, however, enhanced ␤-endorphin immunofluorescence in the PVT. HFD for 48 h and leptin for 24 h, on the other hand, did not significantly alter the expression of ACTH and ␤-endorphin but did enhance ␣-MSH fiber immunofluorescence in the ARC, PVH, and PVT. *P Ͻ 0.05, **P Ͻ 0.01, and ****P Ͻ 0.0001 vs. control.
PVT compared with control mice (data not shown). The only statistically significant change in peptide expression was a decrease in ARC ␤-endorphin levels associated with chronic food restriction (P Ͻ 0.05). However, the biological significance of this isolated finding is not known.
Quantitative analysis of diet-induced changes in POMC peptides by RIA. While our immunohistochemical data offer insight into relative peptide levels at an anatomical level within POMC neuron fibers, we also measured diet-induced modifications in hypothalamic POMC peptide levels using an alternative quantitative approach. Hypothalamic blocks from a second cohort of mice that underwent each of the dietary or leptin interventions were acid extracted by HPLC and analyzed using RIAs to examine the levels of ACTH, ␤-endorphin, and ␣-MSH in the combination of neuronal soma and all projecting fibers within the hypothalamus (see MATERIALS AND METHODS for specific peptide cross-reactivity). In comparison, the ACTH antiserum used in our histological analysis detects full-length synthetic ACTH (27) with minor cross-reactivity to other processed POMC peptides (A. F. Parlow, personal communication). The ␤-endorphin antisera for immunohistochemistry exhibits 9% cross-reactivity to POMC (S. Wardlaw, unpublished observation), and the ␣-MSH antisera has Ͻ1% crossreactivity with other POMC peptides (16) . Thus, the RIA analysis provides an additional level of quality control and detection of POMC peptides to complement our semiquantitative histological analysis.
The RIA measurements showed that 24 h of food restriction decreased the levels of all three POMC peptides relative to control mice (P Ͻ 0.05), whereas chronic food restriction significantly reduced ACTH and ␤-endorphin levels (P Ͻ 0.05), with a trend to decreased ␣-MSH (Fig. 8) . Both the 48-h and 2-wk HFD-treated groups also exhibited trends for decreased levels of all POMC peptides, with the decrease in ACTH after the 48-h HFD (P Ͻ 0.05) and ␤-endorphin levels after chronic HFD (P Ͻ 0.05) reaching significance. Neither acute nor 2 wk leptin treatments significantly modified the individual POMC peptide levels, but there were slight changes in the molar ratio of ACTH/␣-MSH consistent with alterations in POMC peptide processing (8, 50) .
DISCUSSION
Our purpose in designing these experiments was 1) to examine different diet manipulations at short-and long-term time points in an established rodent model, 2) to quantify the anatomical and biochemical changes in hypothalamic POMC peptides, and 3) to correlate the peptide levels with circulating levels of leptin. The chosen manipulations in a transgenic mouse model produced robust and consistent changes in body weight and food intake. Both an acute 24-h fast or 2-wk period of chronic food restriction decreased the quantities of hypothalamic POMC-DsRed, ACTH, ␤-endorphin, and ␣-MSH, with the exception of increased ␤-endorphin immunoreactivity in the PVT of acutely fasted mice. We postulate that enhanced opioid activity in the PVT may integrate feeding information to cortical reward centers after a fasted animal is refed (5, 6, 30, 38) . HFD, on the other hand, transiently increased POMCDsRed and ␣-MSH content in POMC projections, particularly in the PVH and PVT, but the total hypothalamic POMC peptide content measured by RIAs was decreased. Finally, acute but not chronic injections of leptin increased both POMC-DsRed and ␣-MSH fiber immunofluorescence during ad libitum feeding and reversed the fasting-induced decreases of POMC-DsRed and ␣-MSH. These observations are consistent with a previous study showing that another mammalian prohormone, prothyrotropin-releasing hormone, is initially cleaved in the trans Golgi network by PC1, and its peptide products are delivered to different vesicles of the secretory pathway (49) . Our findings suggest that, even though all POMC neurons express the Pomc gene and process the prohormone to ACTH, ␤-endorphin, and ␣-MSH, the POMC peptides may be differentially processed and trafficked to specific target sites throughout the CNS in a diet-dependent manner (53) .
The observed changes in the levels of DsRed fluorescence in POMC neuronal soma closely match the magnitude and valence of changes in Pomc mRNA reported previously from similar experimental manipulations (Low laboratory, unpublished data) (31, 37, 50) . These similarities support our use of the relatively stable DsRed transcriptional reporter protein as a surrogate for direct measurements of Pomc mRNA. Taken together, the present results show that nutritional state can modify levels of hypothalamic Pomc expression and POMC peptides, but these effects are not consistently related to the corresponding plasma leptin levels.
The conundrum of HFD chow and POMC peptide levels. We originally hypothesized that a surplus of calories from HFD would homeostatically drive Pomc transcription (70) and the synthesis of ␣-MSH to downregulate the hyperphagic behavior associated with this regimen. However, only anatomical data from the acute 48-h HFD exposure, but not the 2-wk HFD, are consistent with this hypothesis. Similar to previous studies in C57BL/6 mice, HFD acutely increased hypothalamic Pomc mRNA but chronically had no effect in transgenic C57BL/6 POMC-DsRed mice (19, 70) . However, the total POMC peptide contents in the hypothalamus as measured by RIA was either decreased or unchanged in both the acute and chronic HFD groups. Perhaps the simplest explanation may be that acute HFD prompts POMC neurons to synthesize and release ␣-MSH at distal target sites to mitigate the abrupt increase in caloric intake. As discussed above, the RIAs quantify all POMC peptides in the soma and their hypothalamic projections, and therefore decreased peptide content in the soma of HFD animals may mask more subtle changes in ␣-MSH immunoreactivity localized to the projecting fibers.
Rats or mice chronically fed a HFD have been reported to exhibit decreased POMC peptide levels and either no change or a decrease in Pomc expression (8, 17, 24, 26, 29, 36) . Decreased levels of POMC peptides in these rodent models have been attributed to hypothalamic inflammation, endoplasmic reticulum (ER) stress, and enhanced autophagy (8, 11, 42, 47, 60) . The consensus is that animals persistently exposed to a HFD, regardless of the absolute fat content of the chow (63), develop cellular stress and impaired processing of POMC peptides. Our "chronic HFD" rodent model, on the other hand, is weeks to months shorter than those used in the aforementioned studies, and POMC neurons in the mice may not be subject to the same level of cellular stress. On a much shorter time scale, HFD is reported to rapidly mitigate the beneficial metabolic effects of intracerebroventricular leptin treatment in Lep ob/ob mice through a proposed inflammatory pathway (33), but it is not known if this physiology applies to nonobese animals as well. Although we cannot rule out the possibility of inflammation or ER stress contributing to decreased POMC peptide expression in the 2 wk chronic HFD mice, a secondary explanation may be that, while our HFD animals were initially hyperphagic, they slowly decreased the total grams of chow consumed per day in response to the higher kilocalorie content of the HFD chow and may simply be maintaining their new body weight set point (12, 59) . Consequently, the necessity to drive Pomc and ␣-MSH synthesis becomes less crucial to compensate for the state of positive energy balance as the mice begin to normalize their chow intake, despite the small but statistically significant increase in body weight. Whereas HFD has been studied as a mechanism for modifying POMC peptide content, other reports suggest that HFD induces alterations in synaptic scaffold proteins, as well as changes in the synaptic inputs to POMC neurons (3, 45, 60) . However, the interplay between these mechanisms and POMC peptide synthesis is not clear.
Increased circulating leptin levels do not drive POMC peptide synthesis in ad libitum-fed animals. It is well established that genetic ablation of the genes encoding leptin, POMC, or MC4R lead to a similar phenotype of pronounced hyperphagia, weight gain, and decreased energy expenditure (2, 20) and that leptin can directly affect POMC neurons through both tyrosine kinase signaling and fast synaptic mechanisms downstream of the long from of the leptin receptor (10, 15, 28, 52, 65) . A central dogma in the field of CNS control of metabolism is that leptin stimulates POMC neurons to release ␣-MSH, which acts on downstream melanocortin receptors to increase energy expenditure and decrease food intake. However, enhanced levels of circulating leptin may not necessarily further increase the activity of ARC POMC neurons. In our experiments, acute fasting, acute HFD feeding, and acute leptin administration, to either fasted or ad libitum-fed animals, predictably altered plasma leptin levels, Pomc expression assessed by DsRed levels, and ␣-MSH immunoreactivity localized to POMC fibers. On the other hand, chronic leptin administration, which mimicked the endogenous plasma levels associated with chronic HFD, dissociated the changes in body weight and POMC peptide content from each other. This suggests that, while a minimum threshold of leptin signaling in POMC neurons is required to maintain energy balance, glucose homeostasis, and insulin sensitivity (1, 4, 68) , increased circulating leptin levels induced by diet or hormone treatment do not necessarily increase melanocortin peptide synthesis in ARC POMC neurons. In a rat model of HFD-based DIO, animals exhibited decreased ␣-MSH expression in the hypothalamus despite a hyperleptinemic phenotype (48) . In this model, it was later discovered that ER stress dampened the conversion of ACTH to ␣-MSH, despite enhanced transcription of Pomc (8) . In contrast, chronic treatment of ad libitum-fed C57BL/6 mice with a long-lasting leptin antagonist resulted in profound metabolic dysfunction, including significant weight gain after 12 wk of treatment and profound hyperphagia in the first two weeks of the experiment (55). The metabolic phenotype was similar to that of HFD-induced DIO C57BL/6 mice, but the combined study using the leptin antagonist treatment in the presence of HFD-DIO animals has not been performed to date. Regardless, Solomon et al. (55) reported that Pomc expression was decreased after 4 and 12 wk of treatment with the leptin antagonist, but whether this is due directly to a lack of bioavailable leptin or is secondary to the obesity phenotype remains unclear.
Genetic ablation of leptin receptors specifically from POMC neurons results in hyperphagia, weight gain, and impaired glucose handling (1, 4) . Alternatively, overexpression of leptin receptors or the leptin effector signal transducer and activator of transcription 3 (STAT3) in POMC neurons upregulates suppressor of cytokine signaling 3 (SOCS3), which binds to phosphotyrosine residues on the leptin receptor and subsequently downregulates its signaling by second messengers (18, 22, 43, 64) . The conflicting STAT3/SOCS3 signals in POMC neurons result in mice that are much more prone to HFDinduced obesity. Paradoxically, these different rodent models exhibit metabolic dysfunction despite either an absence or overabundance of leptin receptor signaling in POMC neurons. While we did not assay our animals for phospho-STAT3 and -SOCS3 expression in the ARC, enhanced levels of leptin, particularly in the chronic HFD and leptin minipump models, may be upregulating SOCS3 expression, and thus contributing to a state of cellular leptin resistance. Similarly, it has been reported that chronic leptin supplementation fails to ameliorate DIO in C57BL/6 mice and aged rats (7, 56, 58) . Although these studies did not examine hypothalamic POMC peptide content, the authors did note a failure of leptin to increase energy expenditure or drive anorexigenic behavior in their animal model. On the contrary, centrally administered or transgenically overexpressed ␣-MSH can induce anorexia, catabolism, and energy expenditure across a range of ages and diets in different rodent models (14, 35, 40, 51, 57) , presumably because these interventions bypass leptin resistance.
Based on the current and previously published studies, our primary conclusion is that rodents maintain appropriate leptin levels to preserve physiological leptin signaling, Pomc transcription, and ␣-MSH peptide synthesis and release. Although POMC-derived ␣-MSH can potently regulate energy balance, the feedback pathway connecting food intake, circulating leptin levels, and peptide release from ARC POMC neurons is subject to change by nutritional state. Consequently, circulating leptin levels do not directly correlate with Pomc expression and POMC peptide synthesis under all conditions.
